Nuclear translocation, driven by the motility apparatus consisting of the cytoplasmic dynein motor and microtubules, is essential for cell migration during embryonic development. Bicaudal-D (Bic-D), an evolutionarily conserved dynein-interacting protein, is required for developmental control of nuclear migration in Drosophila. Nothing is known about the signaling events that coordinate the function of Bic-D and dynein during development. Here, we show that Misshapen (Msn), the fly homolog of the vertebrate Nck-interacting kinase is a component of a novel signaling pathway that regulates photoreceptor (R-cell) nuclear migration in the developing Drosophila compound eye. Msn, like Bic-D, is required for the apical migration of differentiating R-cell precursor nuclei. msn displays strong genetic interaction with Bic-D. Biochemical studies demonstrate that Msn increases the phosphorylation of Bic-D, which appears to be necessary for the apical accumulation of both Bic-D and dynein in developing R-cell precursor cells. We propose that Msn functions together with Bic-D to regulate the apical localization of dynein in generating directed nuclear migration within differentiating R-cell precursor cells.
Introduction
Cell migration during embryonic development involves three steps, the extension of the leading process in response to extracellular cues, the translocation of the nucleus and associating organelles into the leading process, and the retraction of the trailing processes. While the movement of the leading process involves predominantly the rearrangements of actin-based cytoskeleton, accumulating evidence points to the importance of microtubules and the minus-end directed microtubule motor cytoplasmic dynein in driving the translocation of the nucleus (for reviews, see Morris, 2000; Bloom, 2001; Dujardin and Vallee, 2002) .
Recent studies suggest strongly that the regulatory machinery that controls the function of microtubules and cytoplasmic dynein underlying nuclear migration is conserved throughout evolution. Studies in several systems have identified several evolutionarily proteins that physically associate with dynein and/or its functional partner dynactin. For instance, the protein product of NudF, a gene required for nuclear migration in Aspergillus nidulans (Xiang et al., 1995) , has homologs Lissencephaly-1 (Lis-1) in humans and DLis-1 in Drosophila. Mutations in DLis-1 cause a nuclear migration phenotype during oogenesis and eye development (Swan et al., 1999; Lei and Warrior, 2000) . While mutation in Lis-1 causes Miller-Dieker lissencephaly (Reiner et al., 1993) , a human neuronal migration disease that is believed to result from a defect in translocation of the nucleus in cortical neurons during brain development (Morris et al., 1998) . Lis-1 associates with both microtubules and cytoplasmic dynein (e.g. Sapir et al., 1997 Sapir et al., , 1999 Faulkner et al., 2000; Feng et al., 2000; Niethammer et al., 2000; Sasaki et al., 2000) .
Lis-1 also interacts physically or genetically with two evolutionarily conserved proteins NudE/NUDEL (Feng et al., 2000; Niethammer et al., 2000; Sasaki et al., 2000) and Bic-D (Swan et al., 1999) , both of which have also been shown to associate with the dynein complex (Niethammer et al., 2000; Sasaki et al., 2000; Hoogenraad et al., 2001) . These evolutionarily conserved dynein-interacting proteins may function as common downstream targets of distinct migratory signals in different species to coordinate the function of dynein in generating directed nuclear migration during metazoan development. The signaling mechanism underlying the developmental control of the function of these dynein-interacting proteins during nuclear migration, however, remains largely unknown.
Bic-D, like DLis-1, is required for the directed migration of R-cell precursor nucleus during Drosophila compound eye development (Swan et al., 1999) . Nuclear migration occurs in a characteristic manner within the developing eye (Tomlinson, 1985) . The formation of the ommatidium in the compound eye begins at the third instar larval stage. The eye-imaginal disc, the larval structure that will develop into an adult compound eye, comprises an epithelial cell monolayer covered by apical and basal membranes. The onset of patterning is marked by the formation of a dorsoventral groove called the morphogenetic furrow. Anterior to the furrow, the nuclei of cells are located randomly throughout the depth of the monolayer. When the furrow moves gradually from posterior to anterior, the nuclei of unpatterned cells located anterior to the furrow migrate basally into the furrow where patterning initiates. Posterior to the furrow, cells begin to differentiate and assemble into rows of ommatidial clusters. The nuclei of differentiating cells rise to the apical surface, whereas the nuclei of undifferentiated cells remain basal. R-cell precursor cells and cone cells are recruited into an ommatidiun at the third-instar larval stage with R8 differentiating first, followed by R2/R5, R3/R4, R1/R6, and R7. Other accessory cells such as pigment cells and bristle cells are recruited into the ommatidium during pupal development. In both Bic-D and DLis-1 mutants, many differentiating R-cell precursor nuclei failed to migrate to the apical region (Swan et al., 1999) .
In addition to its role in nuclear migration within differentiating R-cell precursor cells, Bic-D is also required for oocyte growth and determination, the establishment of anterior-posterior and dorsal-ventral polarity of the early embryo as well as the positioning of the nucleus within the early embryo (Mohler and Wieschaus, 1986; Suter et al., 1989; Wharton and Struhl, 1989; Suter and Steward, 1991; Swan and Suter, 1996; Swan et al., 1999; Oh and Steward, 2001) . Bic-D encodes a cytoplasmic protein that has a a-helical coiled-coil structure (Suter et al., 1989; Wharton and Struhl, 1989) . Bic-D homologs have been identified in C. elegans and mammals (Baens and Marynen, 1997) . Bic-D and its mammalian homologs Bic-D1 and Bic-D2 have been shown to interact physically via its coiled coil segments with several proteins, including the structural nuclear protein lamin (Stuurman et al., 1999) , the cytoplasmic dynein and the dynamitin subunit of dynactin (Hoogenraad et al., 2001) , and small GTPase Rab6a (Matanis et al., 2002) . That mammalian Bic-D physically associates with the dynein complex in cultured cells (Hoogenraad et al., 2001) , together with the observed genetic interaction between Bic-D and dynein in Drosophila (Swan et al., 1999) , suggest strongly that Bic-D is required for nuclear migration through regulating the subcellular localization of dynein.
The signaling events that coordinate the function of Bic-D in regulating nuclear migration during development remain unknown. Previous studies suggest that the phosphorylation of Bic-D is essential for its function during oogenesis in Drosophila (Suter and Steward, 1991) , raising the possibility that in response to some migratory signals upstream protein kinases modulate the function of Bic-D to control the dynein motor activity during R-cell precursor nuclear migration. In this study, we present evidence to support that Msn, the Drosophila homolog of the vertebrate Ste20-like serine/threonine kinase NIK (Su et al., 1997; Treisman et al., 1997) , is a component of a novel signaling pathway for regulating the function of Bic-D and dynein during R-cell precursor nuclear migration.
Msn/NIK belongs to the GCK subfamily of the Ste20-like kinases (Dan et al., 2001) . Msn has been shown to function in the Frizzled pathway (Paricio et al., 1999) and the Dock pathway (Ruan et al., 1999) in regulating R-cell polarity and R-cell growth-cone targeting decisions, respectively. We now show that msn is also required for the apical migration of R-cell precursor nuclei independently of Frizzled and Dock, and interacts genetically with Bic-D during R-cell precursor nuclear migration. Msn appears to activate a signaling cascade leading to the phosphorylation of Bic-D, which is necessary for the apical accumulation of both Bic-D and dynein. Consistently, interfering with the phosphorylation of Bic-D disrupted R-cell precursor nuclear migration. We propose that in response to a migratory signal, Msn increases the phosphorylation of Bic-D, which in turn recruits dynein to the apical cell surface in driving the apical migration of R-cell precursor nuclei during eye development.
Results

Msn is required for R-cell precursor nuclear migration in the developing eye-imaginal disc
We and others have shown previously that mutations in msn affect multiple developmental processes, including dorsal closure in the early embryo (Su et al., 1998) , R-cell morphology and polarity in the eye (Treisman et al., 1997; Paricio et al., 1999) , and the targeting of R-cell growthcones in the developing optic lobe (Ruan et al., 1999) . In an effort to analyze the role of Msn in R-cell bodies in more detail, we observed a previously unrecognized nuclear migration phenotype in msn mosaic eye-imaginal disc at the third-instar larval stage.
To analyze R-cell precursor nuclear migration in thirdinstar eye-imaginal discs, we stained all R-cell precursor nuclei with a monoclonal antibody that recognizes a neuronal-specific nuclear protein Elav. The distribution of R-cell precursor nuclei along the basal-apical axis was then analyzed by optical sectioning. After exiting the morphogenetic furrow all differentiated wild type R-cell precursor nuclei migrated apically and were distributed in the apical region about 4-8 mm below the apical surface (Fig. 1A,C) . When msn mutant tissues were generated in an otherwise heterozygous or wild-type eye-imaginal disc by using mitotic recombination, we observed that many differentiated R-cell precursor nuclei were localized abnormally at the basal region (w20-25 mm below the apical surface) (Fig. 1B,D,H) . To examine if this phenotype is restricted to msn mutant tissues, we doublestained msn mosaic eye-imaginal discs with anti-Elav and an affinity-purified rabbit anti-Msn antibody. In wild type, the Msn protein was predominantly localized to the apical cortex and the boundary region of each ommatidium (Fig. 1E) . In all msn mosaic eye discs (nZ29; Figs. 1F,2E), basally localized R-cell precursor nuclei were found within patches of msn mutant eye tissues, but never observed in regions that express Msn. While this result is consistent with a cell-autonomous role for Msn in this process, due to technical limitation we were unable to unambiguously identify individual mutant R-cell precursor cells within a single mosaic ommatidium at present resolution to exclude the possibility of non-autonomous effects within each ommatidium. To examine if the above phenotype reflects a failure for R-cell precursor nuclei to migrate along the apical-basal axis, we measured the distance of the nuclei to the apical surface, and then converted it as a percentage of the total cell length along the apical-basal axis. We found that the measure for mutant nuclei (59.8G9.2%, nZ100 nuclei) was significantly different from that of neighboring wild-type nuclei (19.4G4.8%, nZ100 nuclei), consistent with a nuclear migration defect. This phenotype was not completely penetrant as only w60% of R-cell precursor nuclei within mutant clones displayed a migration phenotype. Interestingly, when the size of msn mutant patches was relatively large (O40 ommatidia), a furrow-like structure was frequently formed within the mutant clone (Fig. 1B,D,H ). This furrow-like structure was always positioned in parallel to the morphogenetic furrow, which may be due to the failure of differentiated R-cell precursor nuclei and cell bodies to move up and occupy the apical area after they exit the morphogenetic furrow.
The role of Msn in R-cell precursor nuclear migration is independently of frizzled and dock
That Msn functions downstream of Frizzled and Dock in regulating R-cell polarity (Paricio et al., 1999) and growthcone targeting (Ruan et al., 1999) raises the possibility that Msn is activated by a Frizzled-or Dock-linked migratory signal to regulate R-cell precursor nuclear migration. To address this possibility, we examined the pattern of R-cell precursor nuclear migration in frizzled and dock loss-offunction mutants. Two frizzled alleles fz 1 (a weak loss-offunction allele) and fz 25 (a strong loss-of-function allele) were examined for potential nuclear migration phenotype. Although both alleles have been shown to affect R-cell polarity (e.g. Strutt and Strutt, 2002) , no nuclear migration defect was observed in all mutant eye discs examined (fz 1 , nZ17; fz 25 , nZ23; Fig. 2B ,D,F). Similarly, our analysis of the dock strong loss-of-function allele dock P2 did not reveal a nuclear migration phenotype (nZ8 eye discs, Fig. 2G ,H). These results suggest strongly that Msn is involved in a different signaling pathway for regulating R-cell precursor nuclear migration.
A mutant Msn protein lacking the middle proline-rich region functions as a dominant-negative form
To facilitate the analysis of the interaction between msn and other genes during development, we examined if the over-expression of wild-type or mutant msn transgenes in the developing eye-imaginal discs could cause a dominant phenotype in nuclear migration. While over-expression of wild-type Msn did not affect nuclear migration (Ruan and Rao, data not shown), we found that a mutant Msn protein (DN-Msn) in which the middle proline-rich sequence is deleted exhibited a dominant-negative effect on R-cell precursor nuclear migration when expressed in developing R-cell precursor cells under control of the eye-specific GMR promoter. The effect of DN-Msn on nuclear migration is sensitive to the dosage of wild-type Msn. While the expression of DN-Msn protein in wild-type flies (C/C) did not affect nuclear migration in most individuals examined ( Fig. 3A,C ; 15 out of 16 eye-discs examined for transgenic line 1 and 22 out of 23 eye-discs examined for transgenic line 2), the expression of this transgene in msn heterozygous flies (msn l(3)03349 /C) caused a highly penetrant nuclear migration phenotype (w47%, nZ17; Fig. 3B,D) . Such phenotype has never been observed in msn heterozygous flies (msn l(3)03349 /C) in the absence of . These data indicate that DN-Msn acts as a dominant-negative form to interfere with the function of wild-type Msn during R-cell precursor nuclear migration.
Reducing the dosage of Bic-D enhanced nuclear migration phenotype in the dominant-negative msn mutant
To understand the molecular mechanism by which Msn regulates the apical migration of R-cell precursor nuclei during development, we set out to examine the potential interaction between msn and other genes during R-cell precursor nuclear migration. The availability of the above dominant-negative msn mutant provides us with an excellent tool for such analysis. We predicted that reducing the dosage of genes encoding other components of the msn nuclear migration pathway in flies expressing DN-msn would further decrease the signaling level below a certain threshold, therefore causing a much stronger phenotype in R-cell precursor nuclear migration.
We took this approach to investigate the potential interaction between msn and a number of genes that have been implicated in regulating cytoskeletal structures and/or nuclear migration in Drosophila (Table 1) . Among them, we found that reducing the dosage of Bic-D and DLis-1 significantly enhanced the penetrance of the DN-msn nuclear migration phenotype. When the DN-msn transgene was expressed in developing R-cell precursor cells in wildtype background, only 5% of eye discs exhibited nuclear migration phenotype (Table 1) . About 42% of eye discs Fig. 3 . A msn deletion mutant functions as a dominant-negative form. Third-instar eye-imaginal discs were stained with anti-Elav antibody. Nuclei on the apical (green) and basal (red) sections were viewed in different colors. (A) and (C) In wild-type larvae expressing the DN-msn transgene, R-cell precursor nuclei migrated normally to the apical region in most individuals examined (A) and thus were not found in the basal region (C). The distance between the sections shown in (A) and (C) was w11 mm. (B) and (D) The dosage of wild-type msn was reduced by 50% in larvae shown in (A). More than 47% of eye discs examined showed defects in R-cell precursor nuclear migration. (B) Many R-cell precursor nuclei were missing in the apical region. (D) R-cell precursor nuclei could be found in the region about 19 mm below the section shown in (B). (E) and (F) image (A) and (C) and (B) and (D) were superimposed to identify basal nuclei that were missing in the apical region. Scale bar, 20 mm.
(nZ31) expressing DN-msn in the Bic-D R5 heterozygous background exhibited defects in R-cell precursor nuclear migration (Fig. 4B ). Similar interaction was also observed when the deficiency chromosome Df(2L)TW119 uncovering the Bic-D gene was used in the experiments (Table 1) . We also found that w21% of discs (nZ21) expressing DNmsn in the DLis-1 heterozygous background showed a similar nuclear migration phenotype (Fig. 4C) . Both Bic-D and DLis-1 have been shown previously to be essential for R-cell precursor nuclear migration (Swan and Suter, 1999) . In contrast, no significant modification of the DN-msn phenotype was observed by reducing the dosage of klarsicht (klar), which encodes for a perinuclear protein essential for R-cell precursor nuclear migration (Mosley-Bishop et al., 1999) . Similarly, bsk, a gene encoding the fly homolog of vertebrate Jun N-terminal kinase that has been shown to function downstream of Msn in regulating dorsal closure in the early embryo (Su et al., 1998) , did not show significant interaction with DN-msn.
In addition to its interaction with msn during R-cell precursor nuclear migration, Bic-D appeared to also interact with msn in other cellular processes prior to third-instar larval stage. In our previous studies, we showed that most embryos that are homozygous for a msn hypomorphic allele (i.e. msn l(3)03349 ) can survive to the pupal stage (Ruan et al., 2002) . Interestingly, we found that no homozygous msn l(3)03349 mutant embryos could develop into third-instar larvae when the dosage of wild-type Bic-D was reduced by half (Table 2 ). No such interaction was detected when the dosage of DLis-1 was reduced (Table 2) .
In summary, msn shows dosage-sensitive genetic interaction with both Bic-D and DLis-1 during nuclear migration in the developing eye. The penetrance of the interaction between msn and Bic-D (i.e. 42%) was much higher than that between msn and DLis-1 (i.e. 21%). In addition, Bic-D, but not DLis-1, also displayed a dosage-sensitive interaction with msn in other tissues at pre-third-instar larval stages (Table 2) .
Msn increased the phophorylation of Bic-D in cultured cells
That the phosphorylation of the Bic-D protein appears to be necessary for its function during oogenesis (Suter and Steward, 1991) , together with the above genetic interaction between Bic-D and msn, raise the interesting possibility that Msn regulates R-cell precursor nuclear migration by phosphorylating Bic-D in response to upstream signals. To address this possibility, we examine if Msn can induce the phosphorylation of Bic-D in cultured COS-7 cells. Bic-D could be weakly phosphorylated in COS-7 cells even Fig. 4 . Genetic interaction between msn and Bic-D. Third-instar eyeimaginal discs were stained with anti-Elav antibody, embedded in plastic and sectioned (1 mm). (A) In most wild-type eye discs expressing the DNmsn transgene (24 out of 26 eye discs), R-cell precursor nuclei were found in the apical region but not in the basal region. (B) When the dosage of wild-type Bic-D was reduced by half in larvae expressing the DN-msn transgene, some R-cell precursor nuclei in many discs were missing in the apical region and were found in more basal region, causing the formation of a furrow-like structure in parallel to the morphogenetic furrow. Mislocalized nuclei (arrowhead) could also be found in the region where no furrow-like structure was present. (C) The dosage of DLis-1 was reduced in larvae expressing the DN-msn transgene. Arrows indicate the morphogenetic furrow. Scale bar, 10 mm. in the absence of Msn (Fig. 5) . When Msn was co-expressed with Bic-D in COS-7cells, however, the level of Bic-D phosphorylation was increased by w15-18 fold (Fig. 5 ).
Loss of msn disrupted the apical distribution of bic-d and dynein in R-cell precursor cells
That Msn induces the phosphorylation of Bic-D in cultured cells (Fig. 5) , together with that the phosphorylation of Bic-D appears to be necessary for the accumulation of Bic-D in the pro-oocyte (Suter and Steward, 1991) , raise the possibility that Msn is required for R-cell precursor nuclear migration by regulating the localization of Bic-D. To address this, we examined the distribution of the Bic-D protein in wild type and msn mutants. In wild type (Fig. 6A-C) , Bic-D was predominantly localized to the apical region (w3 mm apical to R-cell precursor nuclei) and was largely co-localized with Msn at ommatidial boundary region. At the apical cortex, however, Bic-D was distributed as a ring-like structure that immediately surrounds the centrally localized Msn protein (Fig. 6C) . In all msn mutants examined (nZ10 eye discs; Fig. 6D-F) , the apical accumulation of Bic-D was greatly reduced. To examine if the loss of Bic-D at the apical cortex was due to an increase in protein degradation, we examined the level of the Bic-D protein in msn mutant eye discs. No significant change in the level of Bic-D was detected (Supplemental data Fig. S1 ), arguing against a role for Msn in regulating the stability of the Bic-D protein.
Previously studies implicated a role for a mammalian homolog of Bic-D in anchoring dynein complex to the surface of transported vesicles (Hoogenraad et al., 2001) . In Drosophila, Bic-D has also been shown to co-localize with dynein in the oocyte (Swan et al., 1999) . These studies raise the interesting possibility that Msn and Bic-D are required for R-cell precursor nuclear migration by regulating the subcellular localization of dynein. To address this possibility, we examined the effect of the msn mutation on the distribution of dynein. In wild type, the dynein heavy chain 64C (Dhc64C) was localized predominantly to the apical surface in a pattern almost identical to that of Bic-D (compare Fig. 6G-I to A-C). Dhc64C was found to co-localize largely with Msn at ommatidial boundary region, while at the apical cortex it was localized in regions immediately surrounding the central Msn-rich region. The apical accumulation of Dhc64C was severely disrupted in all msn mutant discs examined (nZ7; Fig. 6J-L) .
Our previous studies implicated a role for Msn to regulate actin-cytoskeleton in R-cell growth cones (Ruan et al., 2002) . To determine if the failure for Bic-D and dynein to accumulate apically in msn mutants was due to a defect in the organization of F-actin, we examined the distribution of F-actin in msn mutant eye tissues. In wild type (Fig. 6M-O) , we found that Msn largely colocalized with F-actin at both apical cortex and the boundary region. In all mutant patches that did not express Msn (nZ19), F-actin still accumulated normally at both the apical cortex and the boundary region ( Fig. 6P-R) . In summary, msn is required for the apical localization of both Bic-D and dynein, but not required for the apical accumulation of F-actin.
A mutation interfering with the phosphorylation of Bic-D disrupted R-cell precursor nuclear migration and the apical accumulation of Bic-D and dynein
If the phosphorylation of Bic-D is required for its function during R-cell precursor nuclear migration, one would predict that interfering with Bic-D phosphorylation should prevent the apical migration of R-cell precursor nuclei. To assess this possibility, we analyzed R-cell precursor nuclear migration in mutants carrying the Bic-D PA66 allele, which has been shown previously to produce a hypo-phosphorylated Bic-D polypeptide responsible for defects in oocyte differentiation (Suter and Steward, 1991) . Indeed, hemizygous Bic-D PA66 eye discs exhibited a highly penetrant nuclear migration phenotype as many R-cell precursor nuclei failed to migrate to the apical region (7 out of 11 eye discs examined; Fig. 7B,D) .
Similar to the msn mutant phenotype, we also found that the Bic-D PA66 phosphorylation mutant exhibits defects in the apical localization of both Bic-D and dynein (Fig. 7F,H) . Consistent with the hypomorphic nature of this allele, the distribution pattern of Bic-D and dynein in many Bic-D PA66 eye-discs (13 out of 14 eyediscs stained with anti-Bic-D antibody; eight out of 16 eye-discs stained with anti-Dhc64C antibody) appeared partially disrupted compared to that seen in wild-type discs (Fig. 7E,G) . In addition, the amount of apically localized Bic-D and dynein was significantly reduced in Bic-D PA66 eye discs. 
Discussion
Proper migration of the nucleus is essential for cell movement during embryonic development. Although recent studies have identified several components of the regulatory machinery controlling the function of the cytoplasmic dynein motor, the signaling events that regulate the function of dynein and its interacting proteins in generating directed nuclear migration remain largely unknown. The apical migration of R-cell precursor nuclei, a process that is analogous to the translocation of the nucleus during cortical neuronal migration in developing mammalian brain, is an excellent model for genetic dissection of the molecular mechanism controlling nuclear migration during metazoan development. Two evolutionarily conserved genes Lis-1 and Bic-D, which have been shown to interact with dynein in Drosophila and mammals, are required in this process (Swan et al., 1999) . In this study, we identified the Ste20-like ser/thr kinase Msn as an essential component of a novelsignaling pathway that regulates the Bic-D protein during R-cell precursor nuclear migration.
Our genetic analyses demonstrate that msn, like Bic-D, is required for the apical migration of differentiating R-cell precursor nuclei. Consistently, we show that the Msn protein is expressed in R-cell bodies and localized predominantly to the apical surface of each ommatidium.
While Msn co-localizes with F-actin at the apical cortex, loss of msn did not affect the apical accumulation of F-actin, arguing against that the nuclear migration phenotype in msn mutants was due to drastic changes in actin-based cytoskeleton. How does Msn function in R-cell precursor nuclear migration? Our studies suggest strongly that Msn is involved in R-cell precursor nuclear migration by regulating the function of the Bic-D protein. First, msn interacts strongly with Bic-D during both R-cell precursor nuclear migration and other developmental events prior to the thirdinstar larval stage. Such dosage-sensitive interactions have often been observed between genes encoding components of the same pathway (e.g. Winberg et al., 1998) . Second, Msn could induce the phosphorylation of Bic-D. Importantly, our phenotypic analysis of a phosphorylation-defective Bic-D mutant indicates the importance of Bic-D phosphorylation in R-cell precursor nuclear migration. And finally, msn is required for the apical accumulation of Bic-D and dynein. These results strongly suggest that Msn functions in a phosphorylation pathway that activates Bic-D and dynein in driving directed R-cell precursor nuclear migration.
The molecular nature of the migratory signal that regulates Msn activity during R-cell precursor nuclear migration is unknown. Msn has been shown to be regulated by the Dock signaling pathway in R-cell growth cones (Ruan et al., 1999) , and it functions downstream of Frizzled in the cell polarity pathway (Paricio et al., 1999) . However, neither Dock nor Frizzled is required for R-cell precursor nuclear migration (Fig. 2) . One possible explanation is that Dock and Frizzled are not upstream regulators of Msn during R-cell precursor nuclear migration. Alternatively, they may function redundantly with other proteins to regulate the activity of Msn during this process. Studies on NIK, the mammalian homolog of Msn, have shown that NIK associates directly with the cytoplasmic domain of the integrin b-chain in cultured cells (Poinat et al., 2002) . Mig-15, the C. elegans homolog of NIK/Msn, interacts genetically with beta-1 integrin Pat-3 to regulate axonal projections (Poinat et al., 2002) . Whether fly beta-1 integrin interacts with Msn in regulating R-cell precursor nuclear migration remains to be determined.
Our results from phosphorylation studies suggest strongly that Msn increases the phosphorylation level of Bic-D in response to upstream migratory signals. Msn may directly phosphorylate Bic-D in developing R-cell precursor cells. Alternatively, Msn may activate one or more protein kinases, which in turn phosphorylate Bic-D. Our present data does not allow us to distinguish among these two possibilities. While previous studies have shown that Msn could activate the Jun kinase signaling pathway in regulating both dorsal closure in the early embryo and R-cell polarity in the developing eye (Su et al., 1998; Paricio et al., 1999) , we did not detect significant interaction between msn and bsk, the fly homolog of the Jun N-terminal kinase, during R-cell precursor nuclear migration. One possibility is that Msn increases the phosphorylation of Bic-D independently of the Jun kinase pathway. An alternative explanation is that the level of bsk after reducing its gene dosage by half was still too high to detect a dosage-sensitive interaction with msn. This may also explain why no dosage-sensitive interaction was detected between msn and the klar gene (Table 1) , which has also been shown previously to be required for R-cell precursor nuclear migration (Mosley-Bishop et al., 1999) .
Previous studies demonstrated that the subcellular localization of Bic-D is important for its function during oogenesis (Suter and Steward, 1991) . Studies on mammalian homologs of Bic-D show that Bic-D associates with dynein and is involved in anchoring the dynein complex to the surface of transporting vesicles in cultured cells (Hoogenraad et al., 2001; Matanis et al., 2002) . Our results showing that Msn is required for the apical accumulation of Bic-D and dynein support the view that Msn regulates R-cell precursor nuclear migration through modulating the subcelluar localization of Bic-D and dynein. Msn might achieve this solely through increasing Bic-D phosphorylation. That the phosphorylation of Bic-D is required for normal apical distribution of Bic-D and dynein is consistent with this view. Alternatively or additionally, the activation of Msn by upstream migration signals might also induce changes in actin-based cytoskeletal structures at the apical cell surface, thus facilitating the apical accumulation of the Bic-D protein. We have shown previously that Msn regulates the activity of the cytoskeletal regulator Bifocal, to control actin-based cytoskeleton in R-cell growth cones (Ruan et al., 2002) . Although F-actin still accumulated at the apical cortex in msn mutants, we can not entirely exclude the possibility that some subtle changes in the organization of F-actin could contribute at least in part to the failure of Bic-D to accumulate at the apical surface in msn mutants.
Why is the apical localization of Bic-D and dynein necessary for the apical migration of R-cell precursor nuclei? One possible explanation is that the attachment of dynein to the apical cell membrane allows this motor protein to pull the nucleus along the tracks of microtubules toward the apical region. Consistently, Fischer and colleagues demonstrated previously that microtubules were orientated in R cell precursor cells with their plus-end at the apical cell surface and minus-end associating with the nucleus (Mosley-Bishop et al., 1999) . Those observations support a model in which the activation of the Msn-Bic-D pathway localizes dynein to the apical cell membrane, which in turn moves in a plus-to minus-end direction on microtubules leading to the apical migration of R-cell precursor nuclei.
Although our studies also show genetic interaction between msn and DLis-1, we do not know the molecular nature of this interaction. While either Lis-1 or Bic-D could directly associate with dynein complex (Hoffmann et al., 2001; Niethammer et al., 2000; Hoogenraad et al., 2001; Matanis et al., 2002) , no physical interaction between Lis-1 and Bic-D has been detected (Hoogenraad et al., 2001 ). While our results suggest strongly that Msn and Bic-D function in the same pathway for regulating dynein during R-cell precursor nuclear migration, Lis-1 may be involved in a different pathway that is also required for regulating the activity and/or the subcellular localization of dynein during this process. This may explain why the msn dominantnegative phenotype was very sensitive to the dosage of Bic-D, but much less sensitive to the dosage of Lis-1 (Table 1 ). However, it remains possible that the level of Lis-1 after 50% reduction is still too high to detect a strong genetic interaction with msn. This may also explain the reason for our failure to detect a genetic interaction between msn and Lis-1 in lethality test (see Table 2 ). Interestingly, it has been shown that the regulation of the Lis-1 pathway also involves protein phosphorylation. NudE/NUDEL, a cytoplasmic protein directly interacting with Lis-1, could be phosphorylated by Cdk 5 (Niethammer et al., 2000; Sasaki et al., 2000) , a highly conserved serine/threonine kinase essential for neuronal migration during mammalian brain development (Ohshima et al., 1996; Chae et al., 1997) . We propose that the regulation of Bic-D by Msn represents another evolutionarily conserved pathway to modulate the function of dynein during nuclear migration. Thus, it will be of great interest to determine if NIK (i.e. the mammalian homolog of Msn) and mammalian Bic-D1/Bic-D2 are required for cortical neuronal migration in mammals. 25 and msn 102 mutant tissues were generated in the eye by using the EyFLP-FRT system (Newsome et al., 2000) . This method is highly effective in generating mutant clones in the eye. Indeed, we found that all examined adult eyes contained mutant msn clones. msn mutant clones in eye discs were identified by the absence of anti-Msn staining. Alternatively, msn mutant clones were labeled with the absence of anti-b-galactosidase staining which provides a better view of the boundary region of the clones. msn or fz mutant clones that do not express the LacZ gene in an otherwise heterozygous or wild-type LacZ positive eye were generated by crossing w; msn 102 , FRT80 or w; fz 25 , FRT80 flies with EyFLP; P[w C , aLacZ], FRT80 flies. To examine the level of Bic-D in msn mutant eye discs, msn mosaic eye discs in which w90% of eye tissues were msn 102 homozygous mutant cells were generated by crossing w; msn 102 , FRT80 flies with EyFLP; M(3)RpS17 4 P[w C ], FRT80 flies. The presence of Minute (M) mutation on the FRT chromosome allows the elimination of homozygous wild-type clone cells after mitotic recombination.
The msn construct (i.e. DN-msn) in which the sequence encoding the middle proline-rich region is deleted was generated by sequentially subcloning the PCR fragments encoding the N-terminal kinase domain (1-329) and the C-terminal domain (769-1102) into pUAST vector. The resulting UAS-DN-msn construct was introduced minto flies using standard methods.
In vivo Phosphorylation
pCDNA 3.1 (Invitrogen) plasmid vector was used to express Msn in COS-7 cells. pEGFP-C2 (Clontech) plasmid vector was used to express GFP-Bic-D fusion protein inCOS-7 cells. COS-7 cells were co-transfected transiently with Msn and GFP-Bic-D constructs using standard method. Two days after transfection, cells were labeled with [a- 32 P] orthophosphoric acid (100 mCi/ml) and lysed with lysis buffer essentially as described (Yan et al., 2001) . After centrifugation at 13000 rpm for 15 min at 4 8C, the supernatant was collected, pre-cleared with protein G-sepharose beads, and transferred into vials containing protein G-sepharose beads pre-coated with anti-GFP antibody. After incubation, the beads were washed four times with lysis buffer. The immunoprecipitated proteins were resuspended in SDS-loading buffer, separated by SDS-PAGE, and transferred to nitrocellulose membrane. The blot was analyzed by autoradiography, and then probed with anti-GFP antibody to detect the total amount of precipitated proteins.
Histology and Immunohistochemistry
Eye-imaginal discs were dissected and stained with antibodies as described (Ruan et al., 1999) . Antibodies to Bic-D (1B11) (Suter and Steward, 1991) , Dhc64C (McGrail andHays, 1997), Elav (Robinow and White, 1991) and Msn (Ruan et al., 1999) were used at 1:20, 1:200, 1:5000 and 1:50 dilution, respectively. Texas-red-or FITC-conjugated goat anti-rabbit and anti-Mouse secondary antibody was used at 1:200 dilution (Jackson Immunochemicals). F-actin was visualized using rhodamine-conjugated phalloidin. Z-series of epifluorescent images were captured using a highresolution fluorescence imaging system (Canberra Packard) and analyzed by 2D Deconvolution using MetaMorph imaging software (Universal Imaging, Brandywine, PA).
To view both apical and basal region on the same section, third-instar eye discs were fixed in 2% paraformaldehyde in PBS, stained with anti-Elav antibody and HRP-conjugated goat anti-mouse secondary antibody, developed in DABC CoCNi, embedded in plastic, and sectioned as described previously (Fischer-Vize and Mosley, 1994) . Alternatively, frozen sectioning of the stained tissues were also performed. The distance of the nuclei to the apical surface and the total cell length within the disc were measured manually. The data was obtained by measuring the relative position of w100 wild-type and msn mutant nuclei along the apicalbasal axis in 10 eye discs.
